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Composite  energetic  material  response  to  electrical  stimuli  was  investigated  and  a  correlation  between 
electrical  conductivity  and  ignition  sensitivity  was  examined.  The  composites  consisted  of  micrometer 
particle  aluminum  combined  with  another  metal,  metal  oxide,  or  fluoropolymer.  Of  the  nine  tested 
mixtures,  aluminum  (Al)  with  copper  oxide  (CuO)  was  the  only  mixture  to  ignite  by  electrostatic 
discharge.  Under  the  loose  powder  conditions  of  these  experiments,  the  Al-CuO  minimum  ignition 
energy  (MIE)  is  25  mj  and  exhibited  an  electrical  conductivity  two  orders  of  magnitude  higher  than  the 
next  composite.  This  study  showed  a  similar  trend  in  MIE  for  ignition  triggered  by  a  discharged  spark 
compared  with  a  thermal  hot  wire  source. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  becoming  increasingly  important  to  understand  the  electro 
static  discharge  (ESD)  sensitivity  of  energetic  materials.  Probably 
the  most  common  form  of  ESD  is  the  spark,  which  occurs  when  the 
static  electric  field  strength  exceeds  approximately  4—30  kV/cm 
(i.e.,  the  dielectric  field  strength  of  air  [1]).  Invisible  forms  of  ESD 
can  also  deliver  sufficient  energy  to  ignite  an  energetic  material; 
some  electronic  devices  can  be  damaged  by  invisible  ESD  threshold 
energies  as  small  as  0.082  nj  [2],  In  fact,  ESD  is  a  large  cause  of 
ignition  in  powders  such  as  dust  [3],  food  [4],  and  textiles  [5],  as 
well  as  explosives  [6—9]. 

In  the  above  example,  the  particulate  mixture  accumulates 
a  charge  that  could  induce  a  spark  when  in  contact  with  another 
object.  However,  this  scenario  is  different  from  the  literature 
reporting  electrostatic  discharge  sensitivity  of  energetic  materials 
by  inducing  a  charge  that  is  discharged  as  a  spark  onto  an  energetic 
material  [6—9].  Both  approaches  to  examining  electrostatic 
discharge  ignition  should  be  explored  for  the  safe  handling  of 
energetic  materials. 
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A  material’s  electrical  resistivity  shares  an  inverse  relation  with 
conductivity;  these  properties  define  how  well  a  given  material  will 
dissipate  charge.  The  electrical  conductivity  of  mixtures  may  be 
altered  by  introducing  additives  or  impurities.  For  example, 
aluminum  (Al)  is  added  as  a  metallic  filler  to  increase  electrical 
conductivity  in  epoxy  coatings  [10];  whereas,  silica  fume  (fine  grain 
Si02  particles)  is  added  to  cement  paste  to  decrease  its  electrical 
conductivity  resulting  in  more  corrosion  resistance  [11], 

Many  researchers  have  studied  ESD  sensitivities  of  high  explo¬ 
sives  using  an  apparatus  that  discharges  a  spark  into  a  sample. 
Larson  et  al.  [9]  specifically  looked  at  explosive  grain  sizes  and  their 
effect  on  ignition  sensitivity.  They  concluded  that  as  the  particle 
size  decreases,  the  ESD  sensitivity  increases;  particles  with  greater 
surface  area  tend  to  be  less  sensitive  but  as  the  surface  area  to 
volume  ratio  increases,  ESD  sensitivity  correspondingly  increases. 
They  explain  that  the  spark  is  forced  to  take  a  longer  more  circular 
path  through  large  grain  size  media,  resulting  in  a  lower  energy 
density  in  the  spark.  Studies  simulated  the  static  electric  energy 
output  of  the  human  body  that  can  dissipate  up  to  8.33  mj  of  energy 
[12].  Simpson  and  Foltz  [8]  tested  high  explosive  powder  samples 
ranging  from  3  to  5  mg,  and  concluded  that  the  samples’  minimum 
ignition  energy  exceeded  1  J,  above  the  human  body  threshold  and 
classified  as  spark  insensitive.  Another  study  [6]  revealed  that  RDX 
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is  the  most  ESD  sensitive  powder,  igniting  at  0.15  J  and  TATB  is  the 
least  sensitive  of  the  tested  materials  with  ignition  energy  of  2.56  J. 
They  link  this  behavior  to  the  thermal  properties  of  the  material 
such  as  critical  temperature  for  thermal  runaway  and  temperature 
for  thermal  decomposition,  but  did  not  examine  electrical  proper¬ 
ties  [6], 

Explosives  are  monomolecular  energetic  materials  and  ignition 
is  controlled  by  breaking  a  molecular  bond.  In  contrast,  composite 
energetic  materials  (CEM)  can  be  described  as  a  mixture  of  fuel  and 
oxidizer  particles  combined  together  to  create  an  energetic  powder. 
A  common  fuel  used  in  CEM  is  A1  while  the  oxide  may  consist  of 
solid  particles  of  another  metal  (intermetallic)  [13,14],  a  metal 
oxide  (thermite)  [13—15],  or  a  fluoropolymer  [16,17].  They  can  be 
used  as  additives  in  explosives  to  decrease  activation  energy, 
increase  combustion  rate,  and  tailor  blasting  properties  for  specific 
applications  [18], 

There  has  been  some  research  on  the  ESD  ignition  of  CEM,  also 
using  an  apparatus  that  discharges  a  spark  into  a  sample.  Foley  et  al. 

[19]  used  Al  and  copper  oxide  (CuO)  nano-particle  composites  and 
added  Viton  A  in  varying  concentrations.  They  showed  threshold 
ESD  ignition  energy  is  increased  when  Viton  A  is  added  to  Al— CuO. 
This  study  did  not  measure  electrical  conductivity  or  resistivity  of 
the  mixtures  but  predicted  that  Viton  A  may  effectively  increase  the 
mixture’s  electrical  resistivity.  They  then  reasoned  that  a  higher 
mixture  electrical  resistivity  would  lead  to  an  increased  minimum 
ignition  energy  threshold  [19],  Their  goal  was  tailoring  the 
formulation  so  that  ESD  sensitivity  would  be  decreased  while 
maintaining  reactive  performance  of  the  CEM.  It  is  noted  that  the 
exact  opposite  was  shown  in  a  study  by  Glor  [3]  when  examining 
dust  particles  dispersed  in  air  that  naturally  accumulated  a  charge 
through  inter-particle  interaction.  Glor  [3]  showed  that  a  material 
that  has  a  larger  electrical  resistivity  poses  a  greater  ESD  ignition 
threat  because  the  charge  accumulates  on  the  particles  thereby 
increasing  its  electric  field  strength.  The  paradox  between  these 
two  studies  may  be  explained  by  the  way  in  which  the  electrostatic 
discharge  is  created:  in  Foley  et  al.  [19],  ESD  was  delivered  to  the 
sample,  whereas  in  Glor  [3],  ESD  was  generated  within  the  sample. 
This  paradox  should  be  explored  further  because  the  reported 
results  in  one  case  argue  that  mixture  electrical  resistivity  should 
be  tailored  to  increase  [19]  while  in  the  other  case  should  be 
tailored  to  decrease  [3]  in  order  to  decrease  ESD  sensitivity  to 
ignition.  Future  research  will  explore  this  paradox  further. 

Beloni  et  al.  studied  ESD  ignition  delay  of  micron  aluminum  (Al) 

[20] ,  magnesium  (Mg)  [21],  and  titanium  (Ti)  [22]  to  characterize 
the  sensitivity  of  these  metal  fuel  powders  to  a  spark  discharged 
from  an  apparatus.  Results  showed  that  as  the  spark  discharge 
energy  increased,  the  delay  time  for  ignition  decreased  [21],  Two 
different  sizes  of  Al  were  tested  and  a  linear  correlation  was  found 
between  burn  time  and  joule  energy  for  the  coarser  powder  [20]. 
The  ignition  delay  for  Mg  was  0.5— 3.5  ms  and  the  authors  observed 
that  of  the  11  mj  of  spark  energy  delivered,  5  mj  was  available 
through  joule  heating.  Unlike  the  studies  on  Al  and  Mg,  Ti  particles 
fused  together  when  the  spark  was  discharged,  reducing  joule 
heating  of  the  powder  [22].  These  studies  concluded  that  individual 
particles  are  heated  by  the  spark  and  then  begin  heating  and 
oxidizing  the  rest  of  the  powder  through  joule  heating  [20—22]. 

While  there  is  a  significant  literature  base  for  the  ESD  ignition 
sensitivity  of  high  explosives  [6,8,9],  there  is  significantly  less 
research  on  ESD  ignition  sensitivity  of  thermites  and  intermetallics. 
Because  thermites  are  composed  of  particulate  media  and  widely 
used,  they  pose  a  significant  danger  if  their  ESD  ignition  sensitivity 
is  not  well  understood.  There  are  key  relationships  between 
particle  properties  and  ESD  ignition  sensitivity  that  need  to  be 
more  clearly  understood.  For  example,  a  correlation  between  ESD 
ignition  sensitivity  and  electrical  conductivity  in  CEM  has  not  been 


studied  and  other  important  parameters  such  as  particle  size, 
morphology,  and  packing  density  may  also  be  critical  in  under¬ 
standing  how  electrical  energy  accumulates  and  ignites  a  mixture. 
In  fact,  reported  baseline  measurements  for  the  electrical  conduc¬ 
tivity  of  CEM  are  extremely  limited  in  the  literature.  Understanding 
the  influence  of  electrical  conductivity  on  ESD  ignition  sensitivity  is 
a  first  step  toward  developing  formulations  that  are  safe  to  handle 
and  use,  yet  offer  ideal  performance  tailored  to  an  application.  The 
objectives  of  this  work  are  to  explore  the  relation  between  elec¬ 
trical  conductivity  and  ESD  sensitivity  in  terms  of  a  discharged 
spark  into  a  CEM  and  also  to  understand  how  this  form  of  ESD 
stimuli  relates  to  thermal  ignition.  The  secondary  objective  was 
motivated  through  the  literature  [20—22]  that  explored  the 
multi-modal  mechanisms  (i.e„  spark  and  joule  heating)  responsible 
for  ESD  ignition  in  particulate  media.  These  objectives  were 
accomplished  through  developing  an  apparatus  that  measures  the 
electrical  conductivity  of  a  CEM  by  sending  a  current  through  the 
powder  and  measuring  its  voltage  consumption.  These  measure¬ 
ments  are  coupled  with  ESD  ignition  sensitivity  using  a  diagnostic 
that  discharges  a  spark  at  a  specific  voltage  into  a  powder  and 
monitors  ignition  by  measuring  an  optical  response  produced  by 
the  reaction’s  luminosity. 

2.  Materials  and  methods 

2.J.  Materials 


Powders  with  particle  sizes  that  are  on  the  micron  scale  were 
used  in  this  study.  In  all  mixtures,  the  Al  powder  was  maintained 
constant  such  that  fuel  particle  size  and  morphology  is  a  controlled 
variable.  It  is  noted  that  the  reactants’  particle  size  may  influence 
electrical  properties  and  this  correlation  will  be  explored  in  future 
work.  Powder  descriptions  are  presented  in  Table  1  including 
supplier  and  average  particle  size. 

The  Al  fuel  was  combined  with  each  entry  in  Table  1  as  per  the 
reactions  shown  in  Table  2.  The  mixtures  were  prepared  using 
measurements  for  a  stoichiometric  equivalence  ratio  (g>)  calculated 
from  Eq.  (1). 


(F/O) 

(F/O) 


act 

sto 


(i) 


The  equivalence  ratio  is  a  mass  based  calculation.  The  numer¬ 
ator  is  the  actual  (act)  fuel  (F)  to  oxidizer  (O)  mass  ratio,  and  the 
denominator  is  the  stoichiometric  (sto)  fuel  to  oxidizer  ratio.  The 
stoichiometric  ratio  (F/0)sto  is  calculated  using  Eq.  (2)  where  Mfuei 
and  JWox  are  the  masses  of  the  fuel  and  oxidizer,  respectively. 
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MWfue, 
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Stoichiometric  reactions  and  calculated  stoichiometric  fuel  to 
oxidizer  ratios  for  the  mixtures  examined  are  presented  in  Table  2. 


Table  1 

Powder  description. 


Powder 

Supplier 

Particle  size  (pm) 

Aluminum  (Al) 

Alfa  Aesar 

4 

Bismuth  trioxide  (Bi203) 

Sigma  Aldrich 

0.210 

Copper  oxide  (CuO) 

Alfa  Aesar 

44 

Iodine  pentoxide  (I205) 

Sigma  Aldrich 

335 

Iron  oxide  (Fe203) 

Alfa  Aesar 

44 

Molybdenum  trioxide  (Mo03) 

Nanotech 

0.044 

Nickel  (Ni) 

Sigma  Aldrich 

1 

Silicon  (Si) 

Alfa  Aesar 

0.1 

Polytetrafluoroethylene  (C2F4)n 

Sigma  Aldrich 

35 

Titanium  (Ti) 

Sigma  Aldrich 

149 
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Table  2 

Formulations  and  stoichiometric  fuel  to  oxidizer  ratios. 


Stoichiometric  reaction 

(F/O)sto 

Volumetric  fuel  % 

Heat  of  reaction  (kj/g) 

Adiabatic  flame  temperature  (K) 

2A1  +  Bi2C>3  — ►  AI2O3  +  2Bi 

0.116 

27.63 

2.959 

4176 

2A1  +  3CuO  — >  AI2O3  +  3Cu 

0.226 

34.58 

4.076 

5718 

2A1  +  Fe203  — *  AI2O3  +  2Fe 

0.338 

39.61 

3.956 

4382 

10Al  +  3I2O5  —  5A1203  +  3I2 

0.269 

33.20 

36.317 

1486 

2A1  +  M0O3  -►  A1203  +  Mo 

0.375 

39.44 

23.322 

1124 

Al  +  Ni  —  NiAl 

0.459 

60.27 

1.381 

2362 

Al  +  Si  -*■  SiAl 

0.960 

45.33 

0.00012 

No  Rxn 

4A1  +  3  (C2F4)„  ->  4A1F3  +  6C 

0.359 

22.67 

8.809 

4539 

Al  +  Ti  ->  TiAl 

0.563 

48.44 

1.004 

1597 

The  calculations  for  heat  of  reaction  and  adiabatic  flame  tempera¬ 
ture  were  made  using  a  thermal  equilibrium  software  program 
(REAL)  assuming  thermal  equilibrium  conditions  exist. 

A  dry  powder  mixture  with  a  mass  of  300  mg  was  prepared  for 
each  formulation.  The  reactants  were  combined  with  approxi¬ 
mately  50  mL  of  hexanes  and  mixed  using  a  sonication  process  with 
a  Misonix  Sonicator  3000.  Solutions  were  transferred  to  a  Pyrex  pan 
and  placed  on  a  hot  plate  held  at  low  temperature  inside  of  a  fume 
hood.  The  hexanes  were  allowed  to  evaporate  for  15  min  or  until 
the  mixture  was  dry.  Once  dry,  the  powder  mixture  was  removed 
from  the  pan  using  a  grounded  metal  brush  to  prevent  static 
electricity  and  potential  ignition.  The  reclaimed  powder  mixture 
was  then  used  for  further  experimentation. 

The  theoretical  maximum  density  (TMD)  describes  the  bulk 
density  of  the  mixture  and  was  calculated  using  Eq.  (3). 

™D  =  Vi m — vw~ — ym — 

/oMf  AM  ox  ^Mai2q3 

Pf  Pox  Pa1203 

In  Eq.  (3),  %M  is  the  percent  of  the  total  mass,  p  is  the  density  and 
the  subscripts  f,  ox,  and  AI2O3  represent  fuel,  oxidizer,  and 
aluminum  oxide  passivation  shell  surrounding  the  Al  particles.  The 
percent  of  TMD  for  this  study  was  kept  constant  at  roughly  15%  for 
each  powder  corresponding  to  loose  powder.  This  is  a  low  packing 
density  with  15%  solid  particles  and  85%  void  space.  The  void 
spacing  and  packing  density  may  influence  ESD  sensitivity  and 
electrical  properties  and  were  maintained  constant.  Also,  atmo¬ 
spheric  conditions  were  maintained  in  a  controlled  environment 
with  a  relative  humidity  of  10%,  temperature  of  26  °C  and  standard 
atmospheric  pressure.  These  conditions  were  held  constant  such 
that  the  focus  of  this  study  was  on  examining  ESD  sensitivity  and 
electrical  properties  as  a  function  of  composition. 

The  Al  +  CuO  mixture  was  studied  further  by  varying  the 
stoichiometry  as  a  function  of  volumetric  fuel/oxidizer  ratios.  The 
effect  of  the  volume  fraction  of  fuel  on  ignition  was  examined  using 
Eq.  (4)  in  terms  of  the  fuel  volume  percentage  (Vf)  in  the  mixture. 
Note  that  in  Eq.  (4)  Mf  includes  Al  and  also  the  alumina  passivation 
shell  surrounding  Al  particles. 


Vf 


Mf/Pf 

Mf/pf  +  M  ox/ Pox 


*100 


(4) 


2.2.  Electrostatic  discharge  apparatus 


The  approach  used  for  energetic  material  ESD  ignition  testing  is 
based  on  a  human  body  model  (HBM)  [6,8,9,23—25].  The  HBM  uses 
a  capacitor  that  is  charged  to  a  certain  voltage,  and  discharges 
stored  electrical  energy  through  a  resistive  network  into  the 
material  being  tested  [23—26],  It  is  used  to  simulate  the  transfer  of 
electrostatic  charge  from  a  human  body  to  an  energetic  material 
sample  [6,8,9].  The  HBM  ESD  apparatus  was  manufactured  by 
Franklin  Applied  Physics  and  a  diagram  is  provided  in  Fig.  1  [27], 


Energy  is  delivered  and  discharged  into  the  sample  through 
a  capacitor  setup.  A  variable  amount  of  energy  delivered  to  the 
sample  is  dependent  on  the  capacitor  size  as  well  as  the  capacitors 
charge  voltage.  The  ESD  apparatus  charged  a  0.002  pF  capacitor  to 
a  known  voltage  ranging  from  1  to  10  kV.  A  nylon  washer  was 
attached  to  a  smooth  faced  steel  disk  using  double  sided  tape.  The 
nylon  washer  was  filled  with  energetic  material  (~8  to  30  mg 
depending  on  the  formulation)  and  covered  with  transparent  tape. 
The  sample  was  then  placed  directly  under  the  capacitor  so  that  the 
pin  electrode  would  penetrate  the  sample  when  the  capacitor  was 
lowered  as  seen  in  Fig.  1.  The  energy  stored  in  the  capacitor  was  then 
discharged  into  the  sample.  This  resulted  in  either  a  go  or  no-go 
ignition  of  the  powders.  Each  powder  was  tested  at  10,000  V.  If 
ignition  occurred,  the  powder  was  tested  at  a  lower  voltage  until 
threshold  ignition  energy  was  observed.  All  powders  were  tested 
5—10  times  for  repeatability  at  each  ignition  voltage  as  described  in 
the  Bruceton  method  [28].  To  calibrate  this  system,  the  ESD  sensi¬ 
tivity  of  nano  Al  +  CuO  were  measured  and  compared  to  the  re¬ 
ported  value  of  ESD  sensitivity  for  nano  Al  +  CuO.  The  measurement 
is  within  12%  of  the  reported  value  and  the  deviation  may  be  due  to 
a  difference  in  particle  size  and  packing  density  of  the  materials. 

2.3.  Electrical  conductivity  measurements 

A  two  point  probing  method,  seen  in  Fig.  2,  was  used  to 
measure  the  electrical  conductivity  of  the  compositions  shown  in 
Table  2.  A  powder  sample  was  coupled  with  a  high  resistance/low 


Fig.  1.  Schematic  of  ESD  apparatus  and  high  voltage  circuit.  All  units  are  in  cm. 
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Fig.  2.  Electrical  conductance  measurement  apparatus.  All  units  are  in  cm. 

conductance  (HRLC)  meter  using  two  copper  electrodes,  alligator 
clips,  and  cables.  The  HRLC  was  a  HR2  model  by  AlphaLab,  Inc.  and 
used  to  measure  electrical  conductance  of  the  powders  with  an 
accuracy  of  ±2%. 

The  meter  and  cables  were  calibrated  using  the  current  offset. 
With  the  cables  disconnected  from  the  setup  seen  in  Fig.  2,  the 
current  offset  was  adjusted  until  the  average  conductance  reading 
was  zero.  A  channel  was  created  in  an  electrically  insulating 
material  (acrylic).  Loosely  packed  (15%TMD)  powder  samples  were 
placed  in  the  channel.  Two  copper  electrodes  connected  to  the 
HRLC  meter  were  placed  in  either  end  of  the  channel  to  create 
a  conductive  medium  as  seen  in  Fig.  2.  The  channel  and  electrodes 
were  placed  inside  a  rigid  acrylic  container  covered  in  aluminum 
foil  to  create  a  noise  shield  for  testing.  The  container  was  connected 
to  a  high  impedance  amplifier  on  the  HRLC  meter  which  used  the 
feedback  to  control  distortion  from  outside  disturbances.  This 
meter  applied  a  constant  1  V  across  the  conductive  sample. 
Conductance  measurements  were  recorded.  Similar  setups  were 
used  by  Montes  et  al.  [29],  Bend  et  al.  [30],  and  are  also  described  in 
ASTM  d  257  [31  j.  To  further  calibrate  this  system,  the  electrical 
resistivity  of  loosely  packed  aluminum  oxide  (AI2O3)  particles  were 
measured  and  compared  to  the  reported  value  of  electrical  resis¬ 
tivity  for  AI2O3  (this  data  was  obtained  from  the  supplier).  The 
measurement  is  within  3%  of  the  reported  value.  Repeatability  of 
these  measurements  is  within  3%  for  this  constant  voltage  setting. 

2.4.  Thermal  ignition  measurements 

Thermal  ignition  using  a  “hot  wire”  is  a  very  common  method 
for  igniting  a  CEM  [32—34].  Samples  were  ignited  thermally  using 
a  nichrome  wire  setup  as  seen  in  Fig.  3.  A  Variac  voltage  transformer 
was  used  to  supply  an  AC  current  through  a  7.62  cm  nichrome  wire 
with  a  resistance  of  5.2854  O/m.  The  nichrome  was  bent  to  produce 
a  localized  hot  spot;  this  allows  for  the  location  of  the  ignition  to  be 
controlled.  Samples  ranging  from  (8—30  mg  depending  on  the 
formulation)  were  placed  on  a  steel  sample  disk.  The  sharp  bend  of 
the  Nichrome  wire  was  then  placed  in  contact  with  the  powder.  The 
nichrome  filament  was  heated  after  the  Variac  voltage  source  was 
triggered  resulting  in  either  a  go  or  no-go  ignition.  Each  formula¬ 
tion  was  tested  3  times  at  5  VAC  and  10  VAC.  This  setup  was  used  to 
determine  the  thermal  ignition  of  the  powders  due  to  joule  heating 
and  provides  a  comparison  of  the  ignition  sensitivity  of  a  mixture 
from  thermal  versus  electrostatic  stimuli. 


3.  Results 


The  minimum  ignition  energy  (MIE)  is  defined  here  as  the 
smallest  amount  of  energy  that  is  needed  to  initiate  a  reaction.  The 
total  energy  available  during  electrostatic  discharge  can  be  calcu¬ 
lated  from  Eq.  (5)  where  C  is  capacitance  and  V is  the  voltage  that  is 
discharged  through  the  capacitor. 

(M1E)esd  =  lev2  (5) 

As  the  voltage  is  decreased  the  energy  dissipated  into  the 
sample  also  decreases.  The  total  thermal  energy  discharged  during 
“hot  wire"  testing  is  calculated  using  Eq.  (6)  and  /  is  current  through 
the  Variac  voltage  transformer,  V  is  applied  voltage,  and  t  is  time  to 
sample  ignition. 

(MIE)hw  =  I*V*t  (6) 

In  both  ESD  and  thermal  ignition  testing,  a  smaller  MIE  corre¬ 
sponds  to  a  more  ignition  sensitive  material. 

Electrical  conductivity  ( 0 )  can  be  calculated  using  Eq.  (7)  and  G  is 
the  measured  conductance  of  the  material,  A  is  the  cross-sectional 
area  of  the  channel  in  which  the  material  is  being  tested  and  L  is  the 
length  of  the  channel. 


Electrical  conductivity  and  ESD  ignition  results  for  all  formula¬ 
tions  tested  are  shown  in  Fig.  4. 

Values  for  the  electrical  conductivity  for  all  formulations  tested 
are  presented  in  Table  3.  From  repeatability  we  have  estimated  the 
uncertainty  on  these  measurements  to  be  3%. 

The  electrical  conductivity  for  the  formulations  presented  in 
Fig.  4  and  Table  3  range  from  0.25  to  1246.25  nS/m;  note  the  two 
order  of  magnitude  difference  in  electrical  conductivity  between 
Al— CuO  and  all  others  tested.  The  ESD  ignition  behavior  shown  in 
Fig.  4  was  selected  for  the  maximum  voltage  setting  on  the 
equipment  (10  kV).  The  only  formulation  that  resulted  in  ESD 
ignition  was  Al  +  CuO,  as  indicated  on  the  figure. 

The  power  (Pe)  that  is  consumed  by  the  sample  during  ESD  at 
a  constant  10  kV  was  calculated  using  Eq.  (8)  where  V  is  the 
constant  applied  voltage  and  Re  is  the  calculated  electrical  resis¬ 
tance  of  the  powder.  Electrical  conductance  and  electrical  resis¬ 
tance  have  an  inverse  relation  as  does  electrical  conductivity  and 
electrical  resistivity.  The  electrical  resistances  (Re)  of  the  powders 
were  calculated  using  Re  =  1/G. 


Pe 


V2 

Re 


(8) 
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Fig.  4.  Electrical  conductivity  of  multiple  compositions  and  ESD  igntion  for  10  kV 
setting. 


Fig.  5  shows  the  power  consumed  by  each  mixture.  Again,  the 
only  mixture  that  ignited  using  ESD  is  Al  +  CuO.  Fig.  5  implies  that 
there  may  exist  a  power  and  resistance  threshold  above  or  below 
which  triggers  ESD  ignition.  Further  investigation  is  needed  to 
understand  these  relationships  more  completely  but  Fig.  5  is  a  first 
step  toward  identifying  critical  conditions  for  ESD  ignition. 

The  thermal  energy  stored  (£st)  in  each  oxidizer  tested  was 
calculated  using  Eq.  (9)  with  p  representing  the  density  of  the 
oxidizer,  V  the  sample  volume  (a  constant  for  every  mixture  tested), 
Cp  the  specific  heat  of  each  oxidizer,  and  AT  the  difference  between 
micron  Al  particle  ignition  temperature  and  ambient,  using  1600  °C 
as  the  ignition  temperature  of  Al  [35,36]. 


Est  =  pVCpAT  (9) 

The  thermal  energy  stored  in  each  oxidizer  is  shown  in  Fig.  6. 

To  better  understand  ESD  sensitivity,  Al— CuO  was  studied 
further  by  varying  the  stoichiometry  as  a  function  of  volumetric 
fuel  percentage.  Results  are  shown  in  Figs.  7  and  8  and  Table  4. 

Values  for  the  electrical  conductivity  of  Al  +  CuO  with  varying 
volumetric  ratios  are  presented  in  Table  4.  From  repeatability  we 
have  estimated  the  uncertainty  on  these  measurements  to  be  3%. 

There  exists  a  range  of  electrical  conductivities  in  which  ESD 
ignition  is  achieved:  0.45  nS/m  tol62.80  pS/m  (Table  4).  The  50% 


Table  3 

Electrical  conductivity  of  multiple  compositions. 


Composition 

Electrical  conductivity  (nS/m) 

Al  +  CuO 

1246.25 

Al  +  M0O3 

40.30 

A1  +  I205 

16.05 

Al  +  Si 

4.50 

Al  +  Ni 

3.95 

Al  +  B^Os 

2.85 

Al  +  Ti 

2.10 

Al  +  Fe2C>3 

1.10 

Al  +  C2F4 

0.25 

Fig.  5.  Variation  of  electrical  power  with  electrical  resistance. 


fuel  mixture  is  the  most  ESD  sensitive  with  a  MIE  of  4  mj  and  an 
electrical  conductivity  of  533.60  nS/m;  this  stoichiometry  corre¬ 
sponds  to  a  slightly  fuel  rich  composition.  This  result  is  consistent 
with  Granier  et  al.  [16]  that  showed  in  laser  ignition  studies  of 
various  stoichiometries  of  Al  +  M0O3  a  slightly  fuel  rich  mixture 
ignites  with  the  lowest  ignition  energy  [16].  Fig.  7  also  shows  that 
there  is  no  direct  correlation  between  electrical  conductivity  and 
MIE.  Instead,  MIE  may  be  more  closely  related  to  diffusion 
controlled  kinetics  dictated  by  stoichiometry  as  long  as  the  mixture 
electrical  conductivity  falls  within  a  range  as  shown  in  Fig.  7. 

Fig.  8  shows  that  the  same  electrical  conductivity  range  also 
correlates  with  thermal  “hot  wire”  ignition  sensitivity.  As  with  ESD 
ignition,  the  smallest  thermal  MIE  corresponds  with  a  50%  volu¬ 
metric  fuel  mixture,  also  consistent  with  [16].  No  direct  correlation 
exists  between  electrical  conductivity  and  MIE. 
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Fig.  6.  Thermal  energy  stored  for  each  oxide. 
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Electrical 


Fig.  7.  Electrostatic  discharge  ignition  and  electrical  conductivity  of  Al  +  CuO  with 
varying  volumetric  fuel  ratios. 

It  is  interesting  to  note  that  three  orders  of  magnitude  greater 
energy  level  is  required  to  produce  the  M1E  using  a  hot  wire  (i.e., 
Fig.  8)  than  ESD  (i.e.,  Fig.  7).  This  may  be  because  the  ESD  stimulus  is 
more  locally  concentrated. 

4.  Discussion 


Table  4 

Electrical  conductivity  of  Al  +  CuO  with  varying  volumetric  fuel 
ratios. 


Volumetric  fuel  % 

Electrical  conductivity  (nS/m) 

0 

162789.80 

25 

4576.20 

35 

1246.25 

40 

879.05 

50 

533.60 

60 

253.25 

75 

88.65 

80 

61.50 

100 

0.45 

electrical  conductivity,  may  explain  the  result  that  only  the  Al— CuO 
mixture  is  ESD  ignition  sensitive  at  the  maximum  ESD  energy 
discharge  setting  of  our  system.  A  mixture  with  combined  prop¬ 
erties  of  electrical  conductivity  greater  than  0.45  nS/m  and  high 
capacity  for  thermal  energy  storage  (Fig.  6)  will  conduct  electrical 
energy  and  accumulate  joule  heating  to  trigger  ESD  ignition. 

It  is  interesting  to  note  that  three  orders  of  magnitude  greater 
energy  level  is  required  to  produce  the  MIE  using  a  hot  wire  (i.e., 
Fig.  8)  than  ESD  (i.e.,  Fig.  7).  This  may  be  because  the  ESD  stimulus  is 
more  locally  concentrated.  The  difference  in  magnitudes  is  further 
examined  by  evaluating  the  power,  rather  than  energy  required  by 
the  stimuli  to  achieve  ignition.  The  minimum  power  required  for 
ignition  is  calculated  using  Eqs.  (10)  and  (11).  Eq.  (10)  corresponds 
with  ESD  power  (Pesd)  and  f  is  the  ignition  delay  of  the  mixture  and 
measured  as  an  average  of  100  ps  for  each  stoichiometry  analyzed. 


With  the  electrostatic  discharge  stimuli,  energy  is  delivered  by 
a  spark  and  also  through  joule  heating  of  the  powders  [20—22],  The 
powders  ignite  when  the  discharge  energy  exceeds  the  minimum 
ignition  energy  of  the  material.  The  mixtures  with  lower  conduc¬ 
tance  (as  in  Fig.  4)  and  higher  resistance  (as  in  Fig.  5)  did  not  ignite; 
a  result  that  is  consistent  with  observations  in  [19],  The  non- 
ignitable  formulations  may  not  have  received  sufficient  joule 
heating.  The  Al  particles  are  passivated  with  an  alumina  shell  and 
these  fuel  particles  are  constant  for  all  mixtures  such  that  ESD 
ignition  is  a  strong  function  of  the  oxide.  Because  the  aluminum 
oxide  shell  is  highly  resistive,  the  spark  energy  may  accumulate  on 
the  Al  particles  in  all  mixtures  but  be  more  readily  dissipated  into 
the  highly  electrically  conductive  CuO  (Fig.  4).  In  fact,  Fig.  6  shows 
Al— CuO  is  able  to  store  thermal  energy  as  well  as  or  better  than  the 
other  oxides  examined.  This  property,  coupled  with  Al— CuO  high 


Pesd 


MIEesd 

t 


(10) 


Eq.  (11)  corresponds  with  hot  wire  power  (PHw)  and  I  is  the 
current  and  V  is  the  voltage  applied  to  the  Nichrome  wire. 


PHw  =  /  x  V  (11) 

Noted  in  [20—22],  electrostatic  discharge  stimuli  include  both 
energy  from  joule  heating  and  energy  from  the  discharged  spark. 
An  estimate  of  the  percent  of  thermal  power  that  may  be  available 
from  an  ESD  ignition  and  attributed  to  joule  heating  is  calculated 
using  Eq.  (12). 


P%  = 


^  x  100 
'  ESD 


(12) 


Fig.  8.  Thermal  ignition  and  electrical  conductivity  of  Al  +  CuO  with  varying 
volumetric  fuel  ratios. 


Overall,  ESD  ignition  requires  significantly  less  energy  than 
thermal  ignition  (i.e.,  mj  compared  withj  from  Figs.  5  and  6);  but, 
ESD  creates  more  power  than  the  hot  wire,  such  that  only  27%  of 
the  power  generated  from  the  electrostatic  stimuli  may  produce 
joule  heating  and  ignite  the  mixture,  as  calculated  in  Eq.  (12).  Beloni 
et  al.  [21]  found  that  approximately  20%  of  the  minimum  ignition 
energy  in  an  ESD  event  is  provided  through  joule  heating.  Power  is 
a  function  of  energy  and  time  so  a  relatively  small  fraction  of  ESD 
energy  that  may  be  attributed  to  joule  heating  in  this  study  (i.e., 
27%)  correlates  well  with  the  result  of  Beloni  et  al.  [21  ]  of  20%. 

5.  Conclusion 

Fundamental  measurements  of  electrical  conductivity  were 
made  for  many  Al  based  energetic  material  composites.  These 
measurements  were  correlated  to  electrostatic  discharge  ignition 
sensitivity  for  each  composite.  Only  micron  scale  particles  were 
examined.  Our  results  show  only  the  Al— CuO  mixture  resulted  in 
ESD  ignition  and  this  mixture  also  exhibited  the  highest  electrical 
conductivity  of  1246.25  nS/m,  two  orders  of  magnitude  higher  than 
the  next  highest  composite  of  Al  +  M0O3  (40.30  nS/m),  which  did 
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not  ignite  from  ESD  stimulus.  The  Al  particles  are  passivated  with 
an  alumina  shell  and  these  fuel  particles  are  constant  for  all 
mixtures  such  that  ESD  ignition  is  a  strong  function  of  the  oxide. 
Because  the  aluminum  oxide  shell  is  highly  resistive,  the  spark 
energy  that  accumulates  on  Al  particles  is  more  readily  dissipated 
into  the  highly  electrically  conductive  CuO.  In  fact,  the  heightened 
electrical  conductivity  of  the  Al— CuO  composite  may  explain 
the  result  that  only  the  Al— CuO  mixture  ignited  at  the  maximum 
ESD  setting.  A  mixture  with  high  electrical  conductivity  will 
conduct  electrical  energy  and  accumulate  joule  heating  to  trigger 
ESD  ignition. 

The  Al— CuO  mixture  was  further  examined  for  minimum 
ignition  energy  for  ESD  and  thermal,  hot  wire  ignition  as  a  function 
of  conductivity  and  stoichiometry.  The  interesting  observation  is 
that  the  flammability  limits  for  both  ESD  and  thermal  hot  wire 
ignition  correspond.  The  ESD  provides  spark  and  joule  heating  and 
it  was  estimated  that  roughly  27%  of  the  ESD  energy  may  be 
delivered  as  joule  heating.  The  results  presented  here  link  electrical 
conductivity  to  ESD  ignition  sensitivity  and  expound  on  the  notion 
of  multi-modal  energy  transfer  in  the  form  of  electrical  and  joule 
heating  toward  energetic  material  ignition.  These  results  are  a  first 
step  toward  developing  formulations  that  are  safe  to  handle  and 
use,  yet  offer  ideal  performance  tailored  to  an  application. 
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